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a b s t r a c t
Interference Alignment (IA) offers maximum sum-rate in a wireless X channel. Though IA was proposed
for maximizing sum-rate, its application for exploiting high data rate in air-to-ground communication
has not been explored much. In this paper, the application of IA in a High Altitude Platform (HAP) to
Ground Station (GS) communication is considered. Recent studies suggest that IA provides maximum
sum-rate for a 2 × 2 transmitter–receiver system. However, independent channels are required to
achieve IA conditions. The application of IA is proposed here for a generalized channel in an HAP-to-GS
communication link that takes into account angle-of-departure and angle-of-arrival at the transmitter
and at the receiver, respectively. We verify the minimum distance criteria in receiving nodes to achieve
independent channels. Receivers are placed at optimal distance for best error performance. Furthermore,
in view of an actual scenario, we investigate the effect of imperfect CSI, resulting from changes in
imperfection in HAP’s stabilization, in the performance of our model. The performance, in terms of Bit
Error Rate (BER), is presented for IA and non-IA based communication. For this purpose, an analytical
expression is developed for the probability of error. A perfect match is shown between the error rate
measured with Monte Carlo simulations and the error probability found using the derived analytical
expressions.
© 2017 Elsevier B.V. All rights reserved.
1. Introduction
Amongmultiple transmitter–receiver communication systems,
the interference channel and the X network with K users have
found considerable attention [1]. In contrast to the interference
channel, where K transmitter–receiver pairs are considered, in an
X network each transmitter has data intended for each receiver. An
X network behaves as a genericmodel by addressing other channel
models such as interference channel, Z channel and Y channel as its
special case [2].
When K = 2, the X network is referred to as X channel. As
shown in [3] the capacity of an X channel at high Signal-to-Noise
Ratio (SNR) can be approximated as
C(SNR) = d · log(SNR)+ O(log(SNR)), (1)
where d corresponds to the number of Degrees of Freedom (DoF),
which is also referred to as the multiplexing gain or capacity pre-
log factor. The maximum DoF was found to be 4/3 for an X chan-
nel [4] and, although many schemes are applicable in X channel to
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achieve it, IA attains such an upper bound using linear precoding
at the transmitter [5].
This means that if we consider an X channel defined by a
multiple Base Station (BS) communication system, IA claims to
achieve higher sum-rate. In [2], the authors propose sharing a huge
amount of data, e.g., a multimedia file, by two BSs to communicate
with a mobile user that is under the vicinity of both of them.
Hence, X channel finds interesting applications and IA allows us
to achieve the sum-rate upper bound on it. In this scenario, we
consider the application of IA for the transmission from the High
Altitude Platform (HAP) to the Ground Station (GS).
Themain advantage of usingHAPs is the possibility of deploying
directional antennas, which leads to efficient bandwidth reuse [6].
Thus, HAPs offer better spectral efficiency over satellite commu-
nication. The location of HAPs in altitude is between 17 and 22
km, which leads to a Line-of-Sight (LoS) channel in the HAP-to-GS
link [7,8]. The two frequency bands allotted for communication are
31GHz and 48 GHz [9]. In this work, we explore the possibility of
applying IA for HAP-to-GS communication. The system consists of
two HAPs serving two GSs with overlapping service areas. Though
the maximization of the capacity in a single HAP-to-GS link has
recently gained considerable attention, the same problem has not
been addressed by previous studies for the case of multiple HAPs.
https://doi.org/10.1016/j.phycom.2017.11.002
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Since the above mentioned system forms an X channel one may
think of using IA to maximize the capacity.
A crucial role in the X channel is played by multiple-input
multiple-output (MIMO) transmission, which dictates the nature
of the channel. It is indeed a requirement of the communication
system to have a full rank MIMO channel matrix associated with
each link to exploit the property of eigenmode transmission. This is
a very important property to achieve high capacity in MIMO com-
munication. Hence, in addition to IA, having independent MIMO
channels in HAP-to-GS communication results in higher sum-rate
for the system. However, as HAPs are located at a higher position,
having independent channels is a bottleneck for the design of the
communication system. In [10], Madhow et al. suggest separating
the receiver nodes to provide independent channels. This sep-
aration is a function of center frequency, distance between the
transmitter and receiver, and the antenna separation at transmitter
and receiver [10–12]. The channel model proposed in [10] is valid
for large distance LoS wireless communication. Hence, to achieve
zero correlation betweenMIMO channels associatedwith different
links the receivers must be spaced apart an adequate distance.
Since it is impossible to achieve IA in single rank MIMO commu-
nication, we suggest using a more generalized channel model for
HAP-to-GS communication that includes the Angle-of-Arrival at
the receiver (AoAR) and the Angle-of-Departure at the transmitter
(AoDT ).
An important assumption made in [13] is that Channel State
Information (CSI) is globally available at each transmitting and
receiving node. Knowledge of global CSI enables us to write closed
form expressions for the pre-coding and Zero-Forcing (ZF) matri-
ces. This means that, the performance of IA is heavily dependent
on precise CSI. In our recent work [14], we have considered the
minimum receiver separation required to achieve maximummul-
tiplexing gain provided by IA in multiple HAP based system. In
addition, we have proposed an LoS channel model to monitor the
performance of the system. An important assumption in [14] is that
perfect CSI is available for every transmitter and receiver. However,
precise CSImay not be available at the transmitter due to change in
location of HAPs or imperfections in station keeping. To this end, in
the present work, we investigate the effect of imperfect CSI, which
may occur due to the imperfections in station keeping of HAPs.
The paper is structured as follows. The system model and the
considered channel are reviewed in Section 2. In Section 3 we give
a detailed explanation of IA for X channel by considering HAP-to-
GS links each defined by a MIMO channel. In Section 4 we present
numerical results and, finally, we draw conclusions in Section 5.
2. Interference alignment for the existing long distance LoS
channel
In this sectionwe discuss the existing long distance LoS channel
model proposed in [10] and investigate the possibility of applying
IA in the resulting X channel. Multiple antennas are used at both
HAP and GS ends. We also find the minimum separation required
between the receivers to achieve independent channels, that is an
important factor in capacity maximization.
2.1. Background
In case of terrestrial communication, the channel is modeled
as Rayleigh in urban areas and Rician in suburban areas. This is
not the same for HAP-to-GS channel [15]. For urban conditions,
HAP-to-GS channel experiences Rician fading due to the presence
of LoS path. In suburban areas, a Rayleigh fading is experienced
due to the presence of reflected signals that are stronger than
LoS [15]. A generalized approachwill be to use a Rician distribution
where both LoS and Non-LoS (NLoS) paths are considered. Let NR
and NT denote the number of receiving and transmitting antennas,
respectively. The resulting NT × NR MIMO channel model is
H =
√
κ
(1+ κ)HLoS +
√
1
(1+ κ)HNLoS, (2)
where HLoS represents shadowed free space propagation loss and
HNLoS represents only the NLoS path. By denoting as σ 2LoS and σ
2
NLoS
the power associated with LoS path and NLoS path, respectively,
the Rician factor κ is given by [16]
κ = σ
2
LoS
σ 2NLoS
. (3)
Neglecting the distance between transmitter and receiver, the LoS
channel is given by [16]
H=
⎡⎢⎢⎢⎢⎢⎣
1
ej2π
dR
λ
sin(AoAR)
...
ej2π
dR
λ
(M−1) sin(AoAR)
⎤⎥⎥⎥⎥⎥⎦
⎡⎢⎢⎢⎢⎢⎣
1
ej2π
dT
λ
sin(AoDT )
...
ej2π
dT
λ
(N−1) sin(AoDT )
⎤⎥⎥⎥⎥⎥⎦
T
, (4)
whereλ is thewavelength, dR and dT represent the antenna spacing
in the receiver and transmitter, respectively. The two angles AoAR
and AoDT provide crucial information on the position of HAP with
respect to the GS, as shown in Fig. 1. Mostly, HAPs possess an
elevation angle of 60–80◦. Then, in that case, AoAR and AoDT can
be taken as 10–30◦. Since HNLoS represents only the NLoS path,
the resulting NLoS MIMO channel follows a Rayleigh distribution.
Therefore, AoAR and AoDT has direct impact on the LoS nature of
the channel.
The model of a Three-Dimensional (3D) MIMO channel is con-
sidered in [17] for a planar array of antennas for a single HAP
that communicate with several randomly placed GSs. Similar work
in [11] considers a channel model that is suitable for long distance
wireless communication. The effective long distance channel from
transmitter n to receiverm is modeled as
hLoS(m, n) = λ4πR exp(−j
2π
λ
(R+ (mdT − ndR)
2
2R
)), (5)
where R denotes the transmitter–receiver distance. However, the
directional beam from a transmitter is obtained using sub arrays
with beamsteering. Since the spacing between antennas in the
transmitter and receiver is less, the above said arrangement pro-
vides array gain rather than spatial multiplexing gain.
2.2. Imperfect CSI
With a transmitter–receiver separation of 17− 22 km, and ab-
sence of precise station keeping, it is difficult to obtain an accurate
CSI, which is necessary to perform IA. In addition, ZF and precoding
matrices are designed from locally estimated CSI. Hence, it is ob-
vious to assume imperfection in the obtained CSI. Following [18],
in this paper we relate the imperfect CSI (Hˆ) to the actual CSI (H)
using a correlation coefficient ρ as
Hˆ = ρH+ ρ¯Φ, (6)
where ρ ∈ (0, 1), ρ¯ = √1− ρ2, and Φ is normally dis-
tributed withN (0, 1). To analyze the effect of imperfect CSI on our
model, precoding and ZF matrices are designed from the locally
available Hˆ.
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2.3. Long distance LoS channel and receiver separation
Here, we investigate the minimum receiver node separation
that is required to avoid channel correlation. We look at trans-
mitted power and attenuation introduced by the HAP-to-GS link
influencing the transmitter design. Concerning with the constraint
on the transmitted power, this is overcome in unmanned aircrafts
as demonstrated in Helios [19], where solar cells with a wing span
of 35 - 70m were employed. The mission was designed to last for
about 6 months and, therefore, no extra human interference is
needed throughout this period of time. Hence, in our paper, we do
not consider any power constraint.
We begin with LoS MIMO as a basic system to model the
communication for the HAP-to-GS link. For an HAP communica-
tion, maximum path loss happens due to free space propagation.
Though [10] uses multiple antennas both at the transmitter and
the receiver, the goal is to attain the array gain in place of the
spatialmultiplexing gain. It is then required to havehigher capacity
in the system to meet the present and future demands. To this
end, [11] and [12] suggest that spatialmultiplexing can still be used
for the long distance LoS channel, provided that the separation
between antennas in the sub-arrays is large enough to provide zero
correlation between subsequent channels. However, inter-antenna
separation distance varies with center frequency and separation
between transmitter and receiver. In [11], authors give a numerical
approach to calculate inter-antenna spacing to achieve full rank
channel matrix in LoS MIMO channel. The calculation is done
with the goal of nullifying the correlation between columns of
LoS MIMO channel. By exploiting the same logic, it is possible to
find inter node distance at receiver to obtain independent channel.
From [11], we have
dTdR = n RλDoF , (7)
where n can be any integer except the DoF.
Here, we find the required inter-antenna spacing for HAP-to-GS
communication. We consider the operating band as 48 GHz and
height at which HAP is located as 18 km. Hence, from (7), with
node separation at transmitter side dT = 1m and DoF = 2, we
find the inter node separation at the receiver as doptR = 56.2 m.
This means that it is possible to exploit spatial multiplexing in HAP
communication if the receiver antenna separation is 56.2m, which
further means maximum capacity transmission.
3. Role of IA for HAP based transmission
We consider two HAPs serving a common area where there are
two receivers. This essentially forms a 2× 2 X channel. Hence, we
investigate the performance by considering the MIMO X channel
depicted in Fig. 1.
3.1. Background of interference alignment
We consider the situation where each transmitting and receiv-
ing node is equippedwith three antennas. Themodel for the signal
vector received by the first and second GS is
y1 = H11x1 + H12x2 + n1, (8)
and
y2 = H21x1 + H22x2 + n2, (9)
respectively. In the above equations, xi denotes the 3 × 1 vector
transmitted by user i, Hji is the 3 × 3 channel matrix between ith
transmitter and jth receiver, with i, j ∈ {1, 2}. The elements of Hji
are assumed to have a unit variance. The entries of the 3× 1 noise
Fig. 1. HAP communication architecture with overlapped coverage area.
vector ni are independent and normally distributed as N (0, σ 2n ).
The two transmitted vectors are given by
x1 = b11x11 + b21x21 (10)
and
x2 = b12x12 + b22x22, (11)
where xji is the message from transmitter i to receiver j that is
shaped by the beamforming vector bji. By replacing (10) and (11)
in (8) and (9), respectively, we have
y1 = H11b11x11 + H11b21x21
+H12b12x12 + H12b22x22 + n1 (12)
y2 = H21b11x11 + H21b21x21
+H22b12x12 + H22b22x22 + n2. (13)
The IA condition is satisfied when the interfering signals span the
same subspace [1] according to
SPAN {H12b22} = SPAN {H11b21} (14)
and
SPAN {H22b12} = SPAN {H21b11} . (15)
Beamforming vectors are chosen as
b22 = H−112 H11b21 (16)
and
b12 = H−122 H21b11. (17)
Using (16) and (17), beamforming vectors are formed in the trans-
mitter and, as a result, interference vectors are aligned in the
receivers. A zero-forcing receiver is used to separate undesired
signals from the desired ones.
3.2. Achieving IA in rank 1 MIMO channel
It is required to choose b21 and b11 as two independent vectors
and, therefore, b22 and b12 are obtained from (16) and (17). For
illustrating the communication along a rank 1 channel, we first
consider the case of receiver 1. With b11 defined, with rank 1
Please cite this article in press as: Sudheesh P.G.. Sudheesh P.G., et al., Effect of imperfect CSI on interference alignment in multiple-High Altitude Platforms based
communication, Physical Communication (2017), https://doi.org/10.1016/j.phycom.2017.11.002.
4 Sudheesh P.G. et al. / Physical Communication ( ) –
channel matrix, b12 is nothing but an amplified/attenuated version
of b11. This essentially means that (17) results in non independent
vectors. As a result, H22b12 and H21b11 are aligned along the same
direction in receiver 1, which further means that independent vec-
tors intended for zero-forcing data from two transmitters become
dependent.
This is the same as receiver 2. Choosing b22 as attenu-
ated/amplified version of b21 leads to aligned vectors at receiver 2.
Actually, due to the presence of a rank 1 channel, the IA decoding
is compromised. In this scenario, we propose a more generalized
LoS channel in 3.3 for long distance wireless communication.
3.3. Achieving IA through generalized channel model
Channel modeling is carried out by considering an LoS path
between HAP and GS. Hence, the effect of shadowing is less, com-
pared to terrestrial communication. In addition, the path loss is also
considered, as in [10,11].
We consider a MIMO link where transmitting and receiving
antennas are separated by a distance of λ/2. Now, it can be easily
inferred that the channel is indeed dependent on AoA, AoD and R.
Under these circumstances, the complex channel gain for LoS path,
hLoS(m, n) is modeled as
hLoS(m, n) = λ4πR exp
(
−j2π
λ
(
m
λ
2
sin(AoA)
+ nλ
2
sin(AoD)
+ R+ (m
λ
2 − n λ2 )2
2R
))
, (18)
where n = 1, . . . ,Nt and m = 1, . . . ,Nr . Hence, the channel
coefficients differ due to the AoA and AoD. As a result the beam-
forming vectors to perform IAwill be independent and this, in turn,
forms independent vectors at the receiver. Here, data from both
the transmitters are now aligned over independent vectors, and
information can be recovered. Hencewith this generalized channel
model IA can be carried out.
3.4. Error performance under imperfect CSI
In this subsection, we derive the SNR and capacity for the
system with imperfect CSI. We begin by generalizing the received
signals given in (12) and (13) and by deriving the SNR, which is
further used to get expression for capacity.
The received signal is given as
yi =
K∑
j=1
Hij
K∑
l=1
bljxlj + ni, i, j = 1, . . . , K . (19)
where xij is the message to be transmitted from transmitter j to
receiver i and bij is xij’s associated beamforming vector.
The above equation can be rewritten as
yi =
K∑
j=1
Hijbijxij +
K∑
j=1
K∑
l=1,l̸=i
Hijbljxlj + ni, (20)
where the first and the second term at the RHS are the signal
vector intended for the ith receiver and the interference affecting it,
respectively. In the receiver, the kth desired signal in ith receiver is
obtained by multiplying with a zero-forcing vector wik. Therefore,
the kth desired signal component is given by
xˆik = wHikyi,
xˆik = wHikHikbikxik  
Desired signal
+wHik
K∑
j=1,
j̸=k
Hijbijxij
  
Interference from
other desired vectors
+ wHik
K∑
j=1
K∑
l=1,l̸=i
Hijbljxlj  
Interference from
undesired vectors
+ wHikni  
noise term
, (21)
where K denotes the number of desired symbols in the receiver,
which is 2 for a 2× 2 system, as illustrated in Fig. 1.
The SNR of the kth stream is given by
γk = |w
H
ikHikbikxik|2
|wHik
∑K
j=1,j̸=k Hijbijxij|
2 + |wHik
∑K
j=1
∑K
l=1,l̸=i Hijbljxlj|
2 + σ 2
. (22)
Note that, the Hij ∈ i, j follows (2) for ideal channel case, and
follows (6) for imperfect channel case. However, ρ = 1 denotes
that channel is perfect and (6) can be equated to (2). Now, from
Shannon’s theorem, we know that the capacity of the system is
given by
C =
K∑
k=1
log(1+ γk). (23)
Therefore, by substituting Eqs. (6) and (22) in (23), the behavior of
channel imperfection in system’s capacity can be found.
Similarly, the conditional Symbol Error Rate (SER) can be de-
rived from the SNR forM-QAM [20],
SERcond = 4
π
(1− 1√
M
)Q (
√
2gQAMγ )
− 4
π
(1− 1√
M
)2Q (
√
2gQAMγ )2 (24)
SERcond = 4
π
(1− 1√
M
)
[ 1√
M
∫ π
4
0
exp
(
− gQAMγ
sin2(x)
)
dx (25)
+
∫ π
2
π
4
exp
(
− gQAMγ
sin2(x)
)
dx
]
, (26)
where gQAM = 32(M−1) . Furthermore, the average SER is derived
from (24) as in [20], which is used for further analysis.
SERavg = 2(1− 1√
M
)(1−
√
gQAM γ¯
1+ gQAM γ¯ ) (27)
+ (1− 1√
M
)2
[ 4
π
√
gQAM γ¯
1+ gQAM γ¯ tan
−1
√
1+ gQAM γ¯
gQAM γ¯
− 1
]
.
(28)
By following similar steps as we did to compute capacity in (23),
the SER can be computed by substituting (2) and (22) in (27), and
therefore, the behavior of channel in system’s error performance
can be found. The error performance analysis is reported in the
next section.
4. Simulation results
Monte Carlo simulations are presented to evaluate BER and
Cumulative Distribution Functions (CDFs) of SNR for the proposed
IA approach. The BER performance for the long distance LoS MIMO
X channel is analyzed for IA and non IA based transmission. Trans-
mitted symbols x11, x21, x12, and x22 are drawn from a Quadrature
Phase-Shift Keying (QPSK) modulation. Extensions to other modu-
lations is straightforward. We assume that the power transmitted
from each antenna is assumed to be equal to Pave and that σ 2LoS +
σ 2NLoS = 1, so that the SNR at the receiver, defined as the average
power of the received signal and the power of the Additive White
Gaussian Noise (AWGN), is SNR = NRPave
NT σ2n
.
First we consider the impact of IA based communication for a
scheme with two HAPs and two GSs in overlapped coverage area.
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Fig. 2. BER versus SNR for IA and non IA scheme for dR less than 56.25 m.
Eq. (18) is used formodelingMIMOchannel inHAP-to-GS link,with
AoA and AoD set within 10–30◦ for all nodes due to high value of R
and dT = 1m. As far as HAP is concerned, it would be reasonable to
use node spacing, dT = 1m. Figure 2 reports the BER performance
of the IA and non IA based system for different receiver node sepa-
ration distances. In order to achieve a fair comparison of IA system,
where multiple transmitters and receivers form a communication
system, a non IA system is realized, in which single transmitter
sends data to a receiver via eigenmode transmission. Next, for
analysis, we set the node separation at receiver and transmitter as
dR = 10, 25, and 55 m and dT = 1m, respectively. For both IA and
non IA, it can be seen that as dR is varied from 10 m to 25 m, the
performance improves and this trend continues even at dR = 55
m. Hence, our result is in line with [10,21], that node separation at
the receiver or transmitter provides independent channel further
exploiting spatial multiplexing and diversity. It is clear that there
is a drastic degradation in BER performance in IA in comparison
with non IA case. Though there is a degradation in performance,
this comes with an advantage in sum-rate, which can be seen
in 4. However, advantage of IA persists due to higher degrees of
freedom offered by IA systems. It turns out from the figure that, an
inter node separation of 55m shows better error performance than
dR=10 and 25 m. This means that the nodes must be 56.2 m apart
(from Eq. (7)) to achieve the best error performance. However,
IA has poor performance with respect to non IA schemes, as IA
requires orthogonal and independent channels in order to transmit
independent symbols. In other words, though IA increases the ca-
pacity, the improvement comes at the price of error performance.
The node spacing dR is increased above the minimum node
spacing found from (7) and BER performance is plotted in Fig. 3.
When dR is set to 55, 85 and 110 m, a significant reduction in BER
performance can be observed as dR increases for both IA and non
IA systems. This is also in agreement with [12], which states the
performance decreases above λRNdT . Further investigation is done to
observe the behavior at higher SNR values. From our simulations,
it is possible to observe that a better BER performance is obtained
when n is an odd number, i.e. for n = 1, and dR = 56.25
m. This is because at n = 1, 3, . . . , the correlation between
columns of MIMO channel matrix is zero [11,12]. Similarly, both
IA and non IA systems shows worst performance when n is even,
resulting in poorly correlated channel. This effect is due to the
correlation factor between successive channels as explained in
Section 2.3. By analyzing Figs. 2 and 3, it can be concluded that
spacing nodes as per (7) provides the best BER performance, thus
giving the optimal node separation at the receiver. The reason
Fig. 3. BER versus SNR for IA and non IA scheme for dR greater than 56.25 m.
Fig. 4. CDF versus Rate for IA and non IA system with imperfect CSI.
behind such a heavy degradation in BER performance of IA system
is that the independent channels are available only at doptR , where
beamforming vectors in IA remain independent. It is worth noting
that the optimal node spacing doptR remains valid for both IA and
non IA based transmission, and this validates our proposed channel
model with the one in [10]. The proposed scheme offers IA based
transmission at any dR, which makes the scheme more generic.
However, the maximum capacity is obtained when dR = doptR ,
which is derived using (7). In other words, to obtain maximum
capacity inmultipleHAP-to-GS communications, theHAPsmust be
separated by at least doptR , (2n+ 1) ∗ 56.2 m, where n is an integer.
In Fig. 4, we investigate the CDF of the sum-rate for the im-
perfect channel. CDF of the system is also analyzed using Monte
Carlo simulations. Sum-rate for multiple iterations on the system
defined by the Eqs. (12), (13), (16) and (17) are realized. In gen-
eral, the figure shows the gain in sum-rate by using IA in the
HAP-to-GS system. It can be seen that the average sum-rate has
increased drastically in IA in comparison with non IA systems.
Channel imperfection is represented by ρ. An SNR of 15 dB and
κ = −10 dB is considered to perform the analysis. The value
ρ = 1 implies perfect CSI while a lower value represents larger
channel imperfection. From the figure, it is clear that sum-rate
degrades with ρ. This is due to the fact that, IA performs per-
fectly with precoding and ZF matrices, designed from perfect CSI.
Beamforming vectors designed from imperfect CSI deviate from
the desired vectors and form non correlated vectors. Results show
that a variation in locally available CSI, which is used to design ZF
and precoding matrices, leads to a drastic reduction in the sum-
rate. Furthermore, the absence of precise station keeping will also
lead to similar performance degradation.
Please cite this article in press as: Sudheesh P.G.. Sudheesh P.G., et al., Effect of imperfect CSI on interference alignment in multiple-High Altitude Platforms based
communication, Physical Communication (2017), https://doi.org/10.1016/j.phycom.2017.11.002.
6 Sudheesh P.G. et al. / Physical Communication ( ) –
Fig. 5. BER versus SNR for different correlation coefficients.
Fig. 6. BER versus channel imperfection (1− ρ) for different SNRs.
Fig. 5 shows the effect of the imperfect channel on system
performance. We consider κ = −10 dB for this analysis. As ρ
increases, higher channel imperfection degrades error rate perfor-
mance drastically. However, variation in error performance with
higher ρ is lesser, as compared to performance curveswith smaller
ρ. Analytical results for error analysis is also reported in Fig. 5.
Equations (22) and (27) are used for plotting analytical BER. An-
alytical results matches with the simulated error performance.
In Fig. 6 we show the dependency of error performance on
channel imperfection (1-ρ) for different SNRs. ρ = 1 corresponds
to perfect CSI in the receiver. We consider κ = −10 dB for
this analysis, forming an LoS channel. From Fig. 6 it can be seen
that error rate increases with channel imperfection. Furthermore,
higher SNR value at receiver offers better error performance than
lower ones. In other words, to overcome the effect of channel
imperfection, the system must have higher transmission power. It
is worth noting that the SNR used for the analysis is high. This is
because the error performance of IA is worst in comparison with
non IA schemes and analysis at high SNR is therefore required to
understand the behavior of the system.
5. Conclusion
Interference Alignment achieves upper bound in DoF of an X
channel. Though IA in an X channel provides higher sum-rate,
performing IA in rank 1 MIMO channels is a limiting factor. In this
scenario, a new generalized MIMO channel model the consider
AoA and AoD with an adequate transmitter–receiver separation
has been proposed. Therefore, by carefully designing the system,
it is possible to uncorrelated channels in the HAP-to-GS communi-
cation. This effectively overcomes the limitation to perform IA that
is due to the rank 1 MIMO channel.
Furthermore, the optimal receiver separation for HAP commu-
nication in an X channel has been found. The optimal separation
turns out to be the same for IA and non IA based communication.
With IA being the key player in providing a higher sum-rate in an
X channel, we propose IA based HAP-to-GS communication. The
advantage of the proposed channelmodel is that IA can be success-
fully carried out due to the presence of spatially separated nodes
and antennas. Considering the practical HAP deployment, the ef-
fect of imperfect CSI, which results from absence of precise HAP’s
stabilization, for multiple HAP-to-GS links is also investigated. An
analytical expression is derived to analyze the error performance
of the system. It is found that the systemmust operate at high SNR
in order to compensate the effect of channel imperfection. Higher
channel imperfection leads to a loss in the data rate.
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